of the bacterial phylum Verrucomicrobia. Phylogenetically, the closest species was 'Chthoniobacter flavus' (89.6 % similarity in 16S rRNA gene sequence). A novel genus and species, Terrimicrobium sacchariphilum gen. nov., sp. nov., is proposed. The type strain of the type species is NM-5 T (5JCM 17479 T 5CGMCC 1.5168 T ).
The bacterial phylum Verrucomicrobia is a phylogenetically divergent phylum with very few cultivated representatives (Hedlund et al., 1997; Hedlund, 2011) . Members of the phylum are globally distributed in various terrestrial and aquatic habitats and are especially important to the soil environment. At the time of writing, the phylum comprises seven class-level groups by comparative analysis of the 16S rRNA genes of a few described species and most environmental clone sequences retrieved from environmental samples (Hugenholtz et al., 1998 , Vandekerckhove et al., 2000 Hedlund, 2011) . Five of these subdivisions have been characterized by cultured representatives, currently class Verrucomicrobiae (subdivision V1), 'Spartobacteria' (V2), subdivision 3 (V3), Opitutae (V4) and subdivision 6 (V6) which consist of ten, two, one, eight and one genera, respectively (Sangwan et al., 2005; Op den Camp et al., 2009; Arnds et al., 2010; Janssen et al., 2011) . For subdivisions V5 and V7, no representatives have yet been cultured (Hedlund, 2011) . The species identified have been isolated from freshwater, soil environments and human faeces. Most cultivated members are Gram-negative, aerobic, facultatively anaerobic, or obligately anaerobic chemoheterotrophs, preferring various carbon compounds including sugars (Schlesner, 1987) , complex natural polysaccharides (Otsuka et al., 2013a, b) , or methane (Dunfield et al., 2007; Pol et al., 2007; Islam et al., 2008; Op den Camp et al., 2009) .
Class 'Spartobacteria' (subdivision V2) appear to be highly active in some soils and aquatic habitats, constituting significant populations in soils (Buckley & Schmidt, 2001 , 2003 Janssen, 2006) and lakes (Arnds et al., 2010) . The class encompasses the two genera 'Chthoniobacter' and 'Candidatus Xiphinematobacter'. The majority of its members appear to be soil-inhabiting bacteria, while some are endosymbionts of nematodes (Hedlund, 2011) . In this study, the physiological and chemotaxonomic characterization of a novel bacterium (strain NM-5 T ) belonging to the class 'Spartobacteria' is described. The isolate was a strictly anaerobic carbohydrate-fermenting bacterium isolated from a rice paddy field.
Strain NM-5 T was isolated from rotted rice straw in anoxic rice-field soil in Ji'an, Jiangxi Province, China (26 u N 114 u E). Rice plant residue sample was collected from irrigated rice-field soil during the flooding period of the field. The medium used for isolation and cultivation was prepared as described previously (Sekiguchi et al., 2000) . Rotted rice straw (~1 g) from the rural rice paddy field was added to 5 ml anoxic sterile medium and vortexed. The suspension solution of rotted rice straw was serially diluted fivefold in noble agar (2 % w/v Difco) solid roll-tubes. Solid medium was supplemented with a mixture of glucose, maltose and fructose (each 0.1 mM) and yeast extract (0.01 %), pH 5.5. The cultures were incubated at 30 u C under anaerobic conditions (N 2 /CO 2 , 80 : 20). Small colonies that were light yellow and coccus-shaped, formed after 4-5 days of incubation in anaerobic roll-tubes. The colonies were picked and transferred to liquid medium supplemented with the mixture of glucose, maltose and fructose (0.1 mM each) and yeast extract (0.01 %), pH 7.0; growth of cells on the liquid medium was observed in 2-3 days of anaerobic incubation at 37 u C. This roll-tube isolation step (transferring single colonies from solid medium to liquid medium) was repeated several times, and the purified strain (NM-5 T ) was obtained. Strain T was maintained on the glucose medium, and growth was observed within 2-3 days of incubation at 37 u C. The doubling time on glucose was 0.5 h.
Cell morphology was examined under a fluorescent microscope (Olympus BX50F). Transmission electron microscopy was performed with a Hitachi H-7000 transmission electron microscope as described previously (Sekiguchi et al., 2003) . The Gram staining reaction was performed by the method of Hucker (Doetsch, 1981) . Cells of strain NM-5 T were nonmotile, short rods (0.5-0.7 mm60.6-1.2 mm) (Fig. 1a) . In liquid culture, visible flocculent turbidity was observed, and scanning electron micrographs showed that hyphal adhesion clusters were formed (Fig. 1d) . No spore formation was observed. The Gram-staining reaction was negative. Electron microscopy demonstrated that strain NM-5
T possessed a Gram-negative-type cell structure (Fig. 1b, c) .
The physiological characteristics of strain NM-5 T were examined as described previously (Sekiguchi et al., 2000) . The temperature range for growth was determined between 15 u C and 50 u C (in 5 u C intervals), the pH range for growth was tested at 37 u C over the range pH 5.0-9.0 (in 0.5 pH unit intervals), and NaCl tolerance was checked at 0-2.0 % (w/v, in 0.5 % intervals). The pH was adjusted at room temperature by adding HCl or NaOH to autoclaved medium. The pH was measured at the beginning and end of the experiments. For NaCl tolerance, autoclaved NaCl stock solution was added to the medium (Sekiguchi et al., 2000) . Unless indicated otherwise, test cultures were incubated anaerobically (N 2 /CO 2 , 80 : 20) at 37 u C without shaking. Aerobic growth was tested in a medium containing glucose (2 mM) under aerobic conditions without adding reducing agents. Growth in liquid medium was evaluated based on the increase in OD at 400 nm. The concentration of short-chain volatile fatty acids (VFAs) from glucose fermentation was analysed by a gas chromatograph (Lunan SP 6890), equipped with an Innowax column (30 m6W 0.25 mm60.25 mm) and flame-ionization detectors. The operating temperatures were 220 u C, 250 u C, and 150 u C for injection, detector and oven, respectively. Methane and hydrogen were analysed by a gas chromatograph equipped with a Porapak Q column (180 cm long, 3 mm outer diameter) and a thermal conductivity detector. The temperatures of injector, detector and oven were 80 u C, 100 u C and 50 u C, respectively. Strain NM-5 T grew anaerobically on glucose (10 mM) medium at a range of 20-40 u C, with optimum growth at 37 uC, whereas no growth was observed at 15 or 45 u C after 4 weeks of incubation. The pH range for growth was between pH 5.5 and pH 8.0, with the optimum around pH 7.0. The NaCl range for growth was 0-0.75 % (w/ v). The isolate was a strictly anaerobic organism: the strain could not grow in the presence of oxygen (20 %, v/v, in the gas phase). No growth occurred in medium N 2 -CO 2 purging only (without adding reducing agents). Growth was observed with the following substrates (10 mM each): arabinose, xylose, fructose, galactose, glucose, ribose, mannose, cellobiose, lactose, maltose and sucrose. Yeast extract was not required but stimulated the growth. In the medium supplemented with glucose, the major end-products were acetate and a small amount of propionate (2.2 mM glucose was converted to approximately 7 mM acetate and 0.2 mM propionate, electron recovery: 110 %). The following T did not use any of the following electron acceptors within 4 weeks of incubation with glucose (mM): nitrate (5), sulfate (5), thiosulfate (2), elemental sulfur (5), Fe (III) nitrilotriacetate (2) and sulfite (1).
For DNA G+C content determination, DNA was extracted and purified according to Kamagata & Mikami (1991) . The G+C content was determined by HPLC (Shimadzu LC-6A) equipped with a UV detector (Shintani et al., 2000) . The DNA G+C content of strain NM-5 T was 46.3 mol% (SD ±0.08 mol%). For fatty acid methyl ester analysis, cells were harvested at exponential phase from cultures anaerobically grown on 10 mM glucose at 37 u C. Fatty acids of cells were converted to methyl esters using HCl/ methanol and identified by GC-MS (Hitachi M7200AFC/ 3DQMS system) (Hanada et al., 2002) . The major cellular fatty acids of strain NM-5 T were iso-C 14 : 0 (45.52 %), C 18 : 0 (17.60 %), C 16 : 0 (13.66 %) and iso-C 18 : 0 (6.64 %). Polar lipids were extracted and analysed by the methods of Tindall (1990) by using two-dimensional TLC (Merck silica gel 60 F254 plates, layer thickness 0.2 mm, no. 5554). Unknown phospholipids, aminophospholipids and polar lipids were detected (Fig. S1 , available in the online Supplementary Material).
For 16S rRNA gene sequencing, the genomic DNA of strain NM-5 T was extracted according to the method of Hiraishi (1992) . 16S rRNA genes were amplified by PCR with Taq polymerase (Perkin Elmer) as described previously (Sekiguchi et al., 2000) . The PCR primers used for amplification were the bacterial domain universal primer 8F and the prokaryote universal primer 1490R (Weisburg et al., 1991) . The PCR product was sequenced directly on a Beckman CEQ-8000 DNA sequencer using a CEQ DTC quick-start kit (Beckman Coulter). Sequence data were aligned in an ARB dataset using the ARB software package (Ludwig et al., 2004) and aligned data were corrected manually using the editing tool in the package. Phylogenetic trees based on 16S rRNA gene sequences were reconstructed by the neighbour-joining method (Saitou & Nei, 1987) with the ARB software package (Ludwig et al., 2004) . Bootstrap resampling analysis (Felsenstein, 1985) for 1000 replicates was performed with the neighbour-joining, maximum-parsimony and maximum-likelihood methods to estimate the confidence of tree topologies as described previously (Zhang et al., 2003) with slight modifications; i.e. the neighbour-joining and the maximum-parsimony trees were inferred using the PAUP* 4.0 package (Swofford, 2002) , and the maximum-likelihood trees were made using the TREEFINDER program (Jobb et al., 2004) . A total of 1418 bp of the 16S rRNA gene from strain NM-5 T were sequenced and compared with other relative sequences in the databases. Phylogenetic analysis indicated that strain NM-5 T belongs to the class 'Spartobacteria' (subdivision V2) of the phylum Verrucomicrobia. The closest relative to strain NM-5
T was an environmental clone, CK06-06_Mud_MAS1B-05, from riser drilling mud fluid (GenBank accession no. AB369162, 100 % sequence similarity), which constituted 11.6 % (5/43 clones) of the bacterial 16S rRNA gene clone library (Masui et al., 2008) . Phylogenetically, the closest species were 'Chthoniobacter flavus' (89.6 % 16S rRNA gene sequence similarity) and 'Candidatus Xiphinematobacter americani' 'Candidatus Xiphinematobacter brevicolli' and 'Candidatus Xiphinematobacter rivesi' (88-89 % similarity) (Vandekerckhove et al., 2000) (Fig. 2) . Other remotely related taxa included members of the genus Verrucomicrobium (,85 % similarity).
The class 'Spartobacteria' (V2) is one of the most abundant bacterial lineages in soil and was recently also found to be ubiquitous in aquatic environments. The class comprises one order, 'Chthoniobacterales', and one family, 'Chthoniobacteraceae'. At the time of writing, the family is represented by ten isolates, of which only 'Chthoniobacter flavus' Ellin428 has been taxonomically characterized (Sangwan et al., 2005) . 'Chthoniobacter flavus' Ellin428 is an aerobic bacterium isolated from an Australian rye grassclover pasture, which is able to grow on many saccharides that can be found in plant biomass (Sangwan et al., 2004; Kant et al., 2011) . The three candidate species 'Ca. Xiphinematobacter brevicolli' (type species), 'Ca. Xiphinematobacter americani' and 'Ca. Xiphinematobacter rivesi' are obligate intracellular symbionts of different species of nematodes (Vandekerckhove et al., 2000 (Vandekerckhove et al., , 2002 . Comparative phenotypic traits of 'Chthoniobacter flavus' Ellin428 and strain T are shown in Table 1 . The two organisms shared several common features such as rod-shaped morphology, growth with carbohydrates, and isolation from agricultural soils. It is likely that they are involved in the transformation of organic carbon compounds in the soil as suggested previously (Sangwan et al., 2004) . The major physiological differences between them were (i) strain NM-5 T is an anaerobic bacterium, while 'Chthoniobacter flavus' Ellin428 is an aerobic bacterium, (ii) strain NM-5 T utilized simple carbohydrates for growth, whereas 'Chthoniobacter flavus' Ellin428 grew on many polysaccharides, and (iii) strain NM-5 T utilized arabinose and ribose but not pyruvate and Terrimicrobium sacchariphilum (sac.cha.ri.phi9lum. L. neut. n. saccharum or saccharon a kind of sugar; Gr. adj. philos loving; N.L. neut. adj. sacchariphilum sugar-loving).
Shows the following characteristics in addition to those given for the genus. Cells are 0.5-0.7 mm in diameter and 0.6-1.2 mm in length. No spores are formed. Surface colonies on agar are light yellow and coccus-shaped after cultivation at 30 u C for 4-5 days. Grows at 20-40 u C (optimum 37 u C), at pH 5.5-8.0 (optimum pH 7.0) and with 0-0.75 % (w/v) NaCl. Yeast extract is not required but stimulates growth. Utilizes arabinose, xylose, fructose, galactose, glucose, ribose, mannose, cellobiose, lactose, maltose and sucrose. The main end products from glucose fermentation are acetate and propionate. The major cellular fatty acids are iso-C 14 : 0 , C 18 : 0 and C 16 : 0 .
The type strain is NM-5 T (5JCM 17479 T 5CGMCC 1.5168 T ), isolated from a rice paddy field. The DNA G+C content of the type strain is 46.3 mol%.
